A b s t r a c t
Introduction
Progress in endoscopy has been a complicated process, with its beginnings dating back to antiquity. Back in the 4 th century B.C., Hippocrates in his "On Haemorrhoids" described the technique of endoscopic examination of the rectum in a living patient. During the following ages, endoscopy progressed due to such scientists as Avicenna and Abulcasis, who perfected methods of illumination and optics, which would allow for in vivo examination of the human inside. Another milestone was the achievements of Philipp Bozzini, who in 1806 during a scientific meeting in Frankfurt presented a "light-guide" (Lichtleiter). Skilfully combining previous discoveries of science and inventions of technology, he constructed a tube which allowed for examination of the urinary tract, rectum and oesophagus. His discovery was soon given a negative opinion by the University of Vienna and forgotten [1] . The word "endoscopy" was used for the first time by the French surgeon Antoine Jean Desormeaux, who proved not only the diagnostic but also the therapeutic value of l'endoscopie in 1853 by removing papilloma of the urethra [2] . Thanks to his accomplishments, endoscopy was to turn into a powerful surgical tool in the future [3] .
Laparoscopy is a method of performing intra-peritoneal surgery under endoscopic guidance. Its beginnings can be sought in the development of insufflation methods by Georg Kelling at the beginning of the 20 th century. He showed that inflation of the peritoneum with air can stop haemorrhage. He inflated canine peritoneal cavities with air up to 100 mmHg, calling this procedure a "celioscopy". This invention was applied by Hans Christian Jacobaeus, who performed the very first laparoscopic procedure in a living human on 10 July 1910. By describing a case of laparoscopic treatment of liver cirrhosis in Münch-ener Medizinische Wochenschrift, he introduced laparoscopy permanently into the armamentarium of surgical methods [3] [4] [5] . In the 1960s and 70s laparoscopy became an increasingly important element of gynaecological practice, which in turn drove progress in its technique. Electrocoagulation, liberation of adhesions, cyst removal, taking a biopsy and tubal ligation were introduced. Unfortunately more complicated procedures, such as appendectomy and cholecystectomy, were still out of reach. Further progress became possible with the invention of video techniques allowing for real-time presentation of an augmented picture on a television screen. The first known laparoscopic procedure with application of video methods was a cholecystectomy performed by Phillip Moulet in 1987 [3, 6] . In 1997 Anthony Kalloo, during the annual meeting of the American Society of Gastrointestinal Endoscopy, said that one day surgeons would be able to remove the gall bladder without leaving a visible scar on a patients' body. His prediction, met coldly and without belief at that time, came true 7 years later, when he performed the first transgastric peritoneoscopy in a pig [7] . In 2007 natural orifices were used for the first endoscopic cholecystectomy [8] .
Endoscopic methods and techniques, which allow for operating below patients' skin without major incisions, perfected for so many years, have now undoubtedly become most frequently used by surgeons, gynaecologists, and gastroenterologists. Further progress in surgery aims at minimization of the operative access by perfecting established endoscopic techniques. Minimally invasive technique still has many limitations. The problem of visualization method remains a crucial task to be solved. No matter if it is laparoscopy or minimally invasive surgery, only a small-field two-dimensional view with no depth is available to a surgeon working with endoscopy. This complicates the coordination of the hand and eye [9] . As 97% of errors during laparoscopic cholecystectomy result from visual misperception, invention of an appropriate visualization technique seems essential for progress in non-invasive surgical methods [10] . Contemporary technological achievements -new camera types, monitors, 3D technology -seem to provide solutions which will allow further advancement.
Classical laparoscopy Laparoscope
A laparoscope is a rigid telescope with two optic channels: one for illumination of the operative field, the other for viewing of this area. The whole instrument is supplied with a sophisticated system of lenses, which prevents light beam dispersion and assures perfect resolution of the picture [11] . Due to the angle between the longitudinal axis of the laparoscope and the axis of the anterior lens direct and oblique vision laparoscopes can be distinguished. Direct optics give a wider view angle and brightness and observed actions are visible as a stable picture and can be performed in a more intuitive manner, which results in fewer mistakes. It is of crucial importance for surgeons not too familiar with endoscopic methods. On the other hand, oblique optics allow one to rotate the laparoscope freely to see the operative field from nearly all directions, which is useful in more complicated procedures [12] . Application of a flexible laparoscope with a changeable view angle seems the best solution. This is only possible due to modern materials applied in construction of endoscopes. There are two types of such endoscopes. Construction of the first one is similar to a classical gastroscope, but at its joint it is supplied with a bundle of optical fibre, which transmits the picture as a set of light rays. Another system utilizes photosensitive CCD (chargecoupled device) or CMOS (complementary metaloxide-semiconductor) transceivers, which turn the picture of the patient's inside into an electric signal. So far, neither of these systems is broadly applied and studies by Perrone et al. did not confirm superiority of flexible laparoscopes to the rigid ones [13] .
Laparoscopes of 5 and 10 mm diameter are the most popular. Due to technological progress, minilaparoscopes with diameter from 2 to 5 mm, and even less than 2 mm (called microlaparoscopes), could be constructed. To do this, standard cylindrical Hopkins lenses had to be substituted with a bundle of numerous parallel optic fibres. Such instruments are used mostly for explorative diagnostics of the peritoneal cavity and sometimes for uncomplicated operative procedures. Contemporary mini-and microlaparoscopes have inferior depth of field and a visible field narrower by 40% and are extremely fragile. They have however some unquestionable advantages: possibility to perform the procedure under local anaesthesia with minimal sedation, shorter hospitalization, minor pain and small incision with improved cosmetic effect and minimal risk of herniation within the operative wound [11, [14] [15] [16] .
The camera
The video camera is the most expensive and sophisticated part of conventional laparoscopic equipment. Sharpness and quality of the presented picture depend mostly on this item. Cameras are usually placed behind the parts introduced into New ways of visualization in laparoscopic surgery a patient's body. New generation cameras are fitted with a CCD transceiver [11] . Function of the system is based on the so-called internal photoelectric effect. Light beams (photons) hitting each pixel of the transducer free some electrons. This in turn results in a difference of electrical potentials, and hence in electric voltage, which can be translated into the video picture. The CCD itself does not distinguish the colours, but is able to measure luminous intensity. To obtain information on the colour, a mosaic filter transparent to a defined wavelength (i.e. red, green or blue light) is placed in front of the sensor. The most modern cameras instead of a unique chip and filter are furnished with a tri-CCD, which means that each of basic colours has its own sensor. The light beam coming from the lens is then diffracted by a set of prisms to form an individual beam for each of the three colours. This solution has greatly increased definition of the image and precision of colour projection.
The monitor and its ergonomic placement
A chain is only as strong as its weakest link; hence in laparoscopic surgery parameters and setting of the last link, the monitor, are as important as the camera and endoscope. Precision of imaging of the operative field determines whether a surgeon notices minor differences in colour and structure of the tissues, which is necessary for safe and effective surgery without three-dimensional depth. A kinescope monitor (cathode ray tube, CRT) is used most frequently, yet with progress in technology it has to compete with LCD (liquid crystal display) and with the digital projector. Brown et al. tried to assess quality of the image obtained with these three monitors. Their study undoubtedly proved that a golden standard of endoscopic image projection ought to be an LCD monitor placed exactly vis-à-vis an operator. The angle of view is very important in the case of flat LCD monitors, as colour and brightness change when the monitor is located perpendicularly or obliquely to the observer. Such phenomena do not occur with CRT monitors. In this study however, the latest LED monitors were not tested and digital projectors were of the lowest quality [17] .
The monitor is usually placed near the operative table, at eye level. This way of imaging affects handeye coordination significantly. First, it is impossible to observe the operative field and movement of one's hands simultaneously. Second, the axis of view of the endoscope rarely matches the natural axis of the surgeon's sight, as if he were looking directly into the operative field. Finally, the arms of the tools act as levers with a fulcrum at the site of the skin incision and hence real action with tool handles is a mirror of the movement of tool tips seen on the monitor [18] . Another consequence of such placement of the monitor is a forced twisting of the neck and body and slight elevation of the head resulting in faster fatigue of the muscles [19] [20] [21] . Studies have shown that a neutral position with the head flexed at 15-45° is most ergonomic. What is more, looking down improves accommodation of the eye lens, causing weariness of the eye less quickly and decreasing the number of headache episodes in a surgeon [21] [22] [23] .
To find the best position for the monitor, Hanna et al. have assessed the quality of the knots tied in the laparoscopic simulator with different monitor positions. The results confirmed that this task was best performed when the monitor was placed opposite the operator at the level of his hands (level of instrumentation), forcing the sight downwards and securing convergence of the axis of the surgeon's sight and that of the endoscope [24] . Omar et al. proved the benefits of such positioning in even more complicated tasks. They changed the position of the endoscope to obtain 45 and 90° divergence of the image axis and axis of manipulations performed in the simulator. It is well known that adaptation to the inverted picture needs much greater involvement of the mind, as can be proved by increased activity of the brain cortex. It results in a higher number of mistakes and longer duration of different procedures. This study has shown that directing the eyes downward decreases discomfort of such geometrical transformation and facilitates completing the tasks [25] [26] [27] .
As already mentioned, the best parameters of the image can be obtained with an LCD screen. Placement of the screen on the patient's abdomen in proximity to the trocars seems like a perfect solution. However, due to the size of the monitor, limited quality of the image seen from such an angle, and the need for sterile cover, this solution did not meet with acceptance. Application of a video projector picturing the image on a light-weight, sterile screen directly above the patient's body is an alternative solution. An additional benefit of such a presentation method is lack of the casing which always encloses classic CRT and LCD monitors. The frame generates a psychological signal that the image is two-dimensional.
New ways of visualization in laparoscopic surgery
Removal of the casing can help one sense the depth [28, 29] . Brown et al. have compared results of laparoscopic intestinal suture with application of either a kinescope monitor placed at sight level or a projector showing the picture in proximity to the hands and operative field. They did not find any difference in time of completion of the task, precision of needle manoeuvring and durability of the anastomosis. The authors state that the lack of benefit of the projector was due to low quality of the presented image, which prevailed over the potential advantages of ergonomic position and directing the sight downwards. Only modernization of the projectors and quality of the image equal or superior to modern monitors would enable the benefits of such positioning to be proved [30] .
Three-dimensional vision
While working with available endoscopes, accommodation to performing actions in three dimensions when one can observe only two on the monitor is the most difficult task. Spatial viewing of the reality is a complex process based on three different groups of mechanisms. Knowing these mechanisms, one can try to amend the flat endoscopic image.
The first of them are so-called depth clues, which are very intuitive and can be observed with one eye. Shadows, relative size of the objects, interpolation or movement parallax allow estimation of relative distance of objects observed with just two-dimensional information. For instance, an object which covers another object is located closer to the observer. A thing is attached to the surface where its shadow meets that surface. Using such signals, we are able to watch two-dimensional television and interpret the picture correctly [31] .
The second group of mechanisms is that of "egocentric clues", which allow an observer to assess his relation to the subject he is looking at. This kind of perception utilizes the phenomena of:
• accommodation (the nervous system is able to note the tension of the ciliary muscle of the lens dependent on lens shape and hence on the distance to the observed object); • convergence (tension of the oculomotor muscles changes when the sight is directed to objects placed at different distances from the eye [32, 33] ). The most important, third mechanism of spatial vision is stereoscopy. It depends on the minute divergence of the angle at which an object is seen by the left and right eye. As a result, differences in imaging are interpreted by the brain cortex as information on spatial depth. The angular shift decreases with distance to the observed object and both pictures are practically identical over 9 m; hence stereoscopy ceases [28, 34] .
To deal with complicated everyday tasks in threedimensional space, one has to use all three groups of mechanisms. In conventional laparoscopy however, most of them are not available:
• There are no shadows -all standard laparoscopes have a source of light located at the very tip of the endoscope, which forms a ring encircling the lens. It is an undoubted advantage as far as the brightness of the image is concerned, yet almost no shadow is visible.
• No stereovision due to the singular optical system of the endoscope.
• Limited utilization of movement parallax due to restricted movements of the endoscope.
• Discordance of accommodation and convergencea surgeon looking at the monitor focuses his sight at the screen surface and not on objects visible "behind" the monitor, so information from egocentric clues is useless [34] . Due to the aforementioned limitations, efforts to eliminate them and introduce spatial view into laparoscopy are under way.
Creation of shadows
Two systems introducing shadows into an endoscopic image are now used. In the first one the shadow is formed with trocars integrated with an accessory light source. In the second one, the ring of light routinely surrounding the anterior lens of the laparoscope is substituted with semilunar-shaped illumination behind the lens inside the body of the laparoscope [34, 35] .
Researchers from Dundee University directed by Alfred Cuschieri tried to assess the benefits of shadow creation during endoscopic procedures and define an optimal illumination method to form the shadowing. In experiments performed in a laparoscopic simulator they showed that the results are much better when separate ports (trocars) are used for visualization and lighting, and the axis of the laparoscope does not coincide with the axis of illumination and thus shadows can be formed [35] . Additionally, the researchers observed that intensity of the shadowing is equally important, and too much shadow can result in a larger number of mistakes. What is more, location of the source forming the shadow is as important. The results proved the advantage of top light over one from the side [36] . Concordance of this conclusion with the natural human preference and practice to observe objects lit from above by the sun or other sources of artificial light ought to be noted.
3D laparoscope and means of presentation of three-dimensional image
The most precise information on the spatial structure of reality is obtained due to stereoscopy. It was transferred and applied in stereoendoscopy. An image in this technology can be obtained with a one or two-lens system. The two-lens system is supposed to imitate human eyes, only on a smaller scale. It is composed of two laparoscopes in a single body and two cameras taking slightly different pictures [32] . An advantage of this technique is a very bright image of very high quality. However, it also has numerous faults and limitations. First, generated pictures differ not only in the angle of viewing, which is definitely beneficial, but also in brightness, colour, sharpness and optical deformity. These can result in side effects such as headache, nausea or fatigue of vision. Also, the instrument applied in this method is relatively large and not too convenient [31] . On the other hand, a system with a single lens uses a standard endoscope and a key element is an extension mounted proximally, which separates the image on the left and right [37] . Van Bergen et al. have shown that registration of the image with a two-channel system has greater potential than a single-channelled 3D laparoscope. A surgeon can perceive the depth better, and work more safely and faster. However, two telescopes prevent construction of a fibrescope useful in all situations [38] . As one can see, neither system is perfect, hence the research on creating technology which would combine the advantages and minimize the faults of both conceptions.
The first technology was produced by Fujinon and is closely related to the two-lens system. This innovation is based on application of two video chips at the end of an endoscope. Both images are digital and devoid of optical deformity caused by classical cylindrical lenses. Unfortunately, problems related to other differences in the image still remain. What is more, the distance between the chips let the diameter of the equipment be decreased and hence the 3D effect is hardly visible [31] .
The company Visionsense has proposed a totally different solution, constructing an endoscope with an assembly of anterior lenses, positioned in front of a single video chip, reminiscent of an insect's eye. A system of thousands of microscopic lenses results in numerous, slightly shifted images which are then analysed with a special computer algorithm, which separates the images into left and right ones and thus a stereoscopic video picture is generated. Using a single CCD transducer bypasses problems associated with two-channel technologies. It ought to be mentioned that the data obtained also contain information on spatial depth, which potentially could allow for hybrid visualization, for instance for matching with pre-operative computed tomography. According to the inventors, the results of performed operations prove the superiority of this laparoscope over a classic one [39] .
Main limitations of classical visualization
A common problem of all stereoscopic systems is that they are dependent not only on the technology which creates 3-dimensional images, but also on the method of their presentation. Although theoretically ideal for this purpose, multi-planar holographic visualization is beyond the limits of contemporary technology. Modern methods are based on the concept of presenting a different picture to each eye via a video monitor or head-mounted display (HMD) [31] . When a 3D television screen is used, two images are presented one after another with frequency of 120 Hz. To make sure the observer senses a three-dimensional effect, he has to use special glasses separating the image for each eye. This technology can be either active or passive. In an active system, the surgeon wears a pair of glasses supplied with a shutter of liquid crystal, which switches itself from transparent to non-transparent. Full synchronization with the monitor via infrared ray results in presentation of only the appropriate image for the eye. Although loss of brightness is much less than in the passive system described further on, such glasses require a battery, are not very convenient and also shake a little [31, 32, 40] . An alternative means of separation of the image is to polarize it. In a passive system filters polarize both images at a 90° angle. Wearing glasses trans-parent to light rays in only one plane, one is able to see a stereoscopic image. The system is relatively cheap, and the glasses are lighter and more comfortable.
A video helmet (HMD) is a technologically most advanced device. It displays two different pictures on two small LCD monitors placed in front of each eye. As there is no need for polarization, the image has better quality. What is more, the helmet is mobile, and hence the natural hand-eye axis can be supported with movement of the head towards the operative field, which improves the ergonomic position and hand-eye coordination [32] . There are numerous HMD screens, with some resulting in complete immersion, i.e. totally cutting off the reality of the surrounding operating room. This however is not beneficial, as the surgeon cannot adequately react to situations which require looking directly at the patient or the tool in use. On the other hand, receiving simultaneous visual information from the operative field and the environment can result in somatic disorders such as headache, vertigo or nausea. They occur due to discordance of the data with the position of the head and body movements [33] .
There are many contradictory reports comparing aforementioned stereoscopic systems with classic mono-ocular ones. Simulation tests of moving various objects, suturing or tying knots gave confusing results. Some studies showed significantly better results, shortening of the task completion times, improved precision and a smaller number of mistakes. Others could not confirm any difference [33, 34, [41] [42] [43] . Similar ambiguity was observed in clinical trials. Hanna et al. [35] performed a randomized trial to assess the effects of stereovision during laparoscopic cholecystectomy. As in the simulator, no difference in duration of surgery and number of mistakes could be confirmed but the number of negative somatic disturbances was significantly higher in comparison to the classical way of visualization. On the other hand, Wenzl et al., who tried to prove superiority of 3-dimensional endoscopy for gynaecological diagnostics, drew totally different conclusions [37] . What is interesting, only every third surgeon whose results were ranked better with 3D vision was willing to choose this system for everyday practice [32] .
Augmented reality
Augmented reality (AR) can be understood as a compromise between virtual reality (VR), i.e. completely artificial, computer-generated images, and telepresence, i.e. true, overlaid images. In contrast to VR, where an operator is completely "submerged" in a fake environment, the user of augmented reality can see the surrounding, real world with virtual objects overlaying it. Thus, AR contributes to the reality instead of substituting for it. Virtual and real objects coexist in the same space, creating an effect which one could see in the movie "Who Framed Roger Rabbit?". Ronald Azuma presented a definition synthesizing the features of augmented reality. Thus, AR is a system characterized by the following three properties:
• it merges the real world with virtual reality, • it is interactive in real time,
• it can be seen in three dimensions [44] .
A video helmet is the instrument used most often for blending a virtual image with a real one, yet application of other technologies based on monitors or mono-ocular systems is also possible. Augmented reality is now used in many spheres of science and technology. The first medical application was made in 1986 in neurosurgery during brain tumour resection [45] . AR then allowed creation of 3-dimensional navigation to secure minimal brain tissue damage. Its clinical use in general surgery is much more difficult. In neurosurgery, the skull as a rigid construct was a perfect point of relation. What is more, movements of structures of the brain were very limited and their shape was not affected by ventilation, heart beat or gas inflation (as during laparoscopy) [46] . However, some progress was possible also in this field, especially in liver surgery [47] and breast surgery [48] . Now efforts are being made to apply augmented reality in laparoscopic surgery. There are two main concepts how to create the AR image during laparoscopy:
The first one is not different from neuronavigation, already assessed clinically. Prior to surgery, a patient has to undergo computed tomography. From received images, three-dimensional reconstruction of the operated body region and organs is made. This allows precise planning of the surgical procedure, resection margins, pre-determination of placement of the trocars, laparoscope and surgical tools to secure the best view and access to the operative field. The very first such procedure was performed in Strasbourg in 2008 in a 45-year old patient with 1-cm Conn's adenoma of the right adrenal gland. Throughout the surgery, the surgeon could use two monitors: one with a standard image, the other one with over-laid three-dimensional reconstruction of the organs. According to the authors, in a discussed case of adrenalectomy, the use of augmented reality was particularly helpful in identification of the suprarenal vein, which could be precisely determined with AR imaging, and its safe isolation from virtually transparent fat tissue was enabled [49] .
The second concept of imaging utilizes structural light. In this technology, a special projector emits light beams (called high frequency rasters), which form linear illuminations on the surface of encountered objects. Observing this striatum at the proper angle and analysing visible deformity provides 3-dimensional information. With this technology, Chapel Hill scientists have created a 3D endoscope. They used a standard laparoscope as a structural light source. A video camera mounted alongside the metal tube facilitated observation of the pattern of bands and transmission of information to the computer for further analysis. The image was presented to the surgeon with an HMD optical display. The operator could view the patient's inside through a virtually generated window on the skin, showing organs and tissues in real time. So far, this innovative system has not been used in humans and all the experiments were performed on phantoms only. However, the potential of such a device in laparoscopic surgery was proven. For instance, in one of the experiments a surgeon guided by coloured 3D texture successfully needled a tiny plastic object inside a phantom's abdominal cavity [9] . Additionally, application of augmented reality allowed for axial visualization as during regular open surgery, which is known to significantly improve eye-hand coordination.
Both presented concepts seem to be promising solutions, and can provide many benefits for both patient and physician. Possibly, however, only a merge of pre-operative imaging and reconstruction systems (CT or MRI) with real-time intra-operative navigation (for instance with ultrasonography) and structural light-based three-dimensional vision will allow for more complete visualization than the one we know today. To date, augmented reality is mostly used as a practice model for those surgeons beginning their laparoscopic practice [50] [51] [52] .
Summary
During the 23 years since the first video-laparoscopic cholecystectomy was performed, "key-hole" surgery has been accepted as an excellent diagnostic and therapeutic tool. Often laparoscopic procedures proved to be superior to classical ones in general [53] and paediatric surgery [54] , gynaecology and urology [55] . As mentioned above, despite its numerous advantages, videosurgery also faces many limitations. Efforts to overcome these limitations described in this article, although effective in many experimental trials, have not met broad acceptance in clinical practice so far. Hence, further development of these technologies seems as necessary as searching for completely new solutions. Probably in the near future cooperation of surgeons, diagnosticians, engineers and computer graphic experts will result in building a device capable of transmitting real time images of the patient's inside onto the surface. Combined with previous diagnostics, precise definition of the aim of the procedure and identification of index information (invisible blood vessels, extension of the planned resection, differentiation between visually similar tissue structures and their borders) will allow for incredible progress of minimally invasive techniques.
